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ABSTRACT
The present catalog of densities derived from satellite-drag analysis extends and
supplements similar earlier publications by the authors. The densities were computed
from nine artificial satellites for effective heights ranging from 300 to 1130 km, and
are presented together with pertinent data that permit the location in time and space
of the point to which they refer. The intervals covered vary between 1 and 6 years for
the different satellites and average about 3. 5 years for the nine satellites. The cutoff
date for the data included is, in most cases, January 14, 1970.
RESUME
Ce nouveau catalogue des densite"s, dSduit d'une analyse du ralentissement des
satellites, est une extension et un supplement des publications anteYieures faites
Par les auteurs. Les density's furent calcule"es <1 partir de neuf satellites arti-
ficiels pour des altitude effectives all ant de 300 a" 1130 km et sont presenters
avec les donne"es pertinentes qui permettent la localisation dans le temps et 1'es-
pace du point auquel elles se rapportent. Les intervalles recouverts varient
entre 1 et 6 anne"es pour les different satellites, la moyenne pour les neuf satel-
lites e"tant d'environ 3,5 anne"es. La date limite des donne"es conside're'es est,
dans la plupart des cas, le 14 Janvier 1970.
KOHCFIEKT
naTajior n j ioTHOCTeM BbisefleHUbiS MS anajiMse npara
cnyTHMKa pacuiMpneTCH H nonojiHHeT nonoCiHbie paHHwe nyfijiHKauMH aBTOpos.
HjlOTHOCTM BhICUMTblBaJIHCB flJIH fleBHTM M C K y C T B 6 H H b l X C n V T H M K O B WJ1H 3$(5ieK-
TMBHblX BblCOT OT 300 RO 1130 KM H npMBOflHTCK BMeCTG C O T H O C H I U H M M C H K
BeJiy flaHHbiMM Koxopbie nosBonflioT onpefleneHHe no spewieHM K npocTpancTBy
T O ^ K M K K O T O p o M OHM O T H O C H T C H . IlOKpblBaeMbie MHTepBaJlbl BpeM6HW npOCTM-
pawTCH na OT 1 no 6 JieT njis pasjintmbix c n y T H M K C B n HJIH fleBHTM cnyTHHKOB
B CpeflHSM HBJIHKjTCH B 3,5 J16T . B fiOJIblllHHC TB6 CJiy^aeB, flaTa O K O H ^ a H M H
npwBefleHHbix naHHbix HEjineTCH 14 HHsapn 19?0r.
A SUPPLEMENTAL CATALOG OF ATMOSPHERIC DENSITIES
FROM SATELLITE-DRAG ANALYSIS
Luigi G. Jacchia and Jack W. Slowey
1. INTRODUCTION
This paper presents a catalog of atmospheric densities determined from the drag
on nine artificial earth satellites, augmenting the density data published in a number
of earlier catalogs (Jacchia and Slowey, 1962, 1965, 1970). The data represent a con-
tinuation beyond the terminal date of the last of these earlier catalogs in the case of
three satellites. We have not previously published any data from the other six.
The contents of the several catalogs, including this one, are summarized in
Table 1. The standard height (or heights or range of height) used is given for each
satellite in the second column of the table as an indication of the height coverage that
the data provide. The inclusive dates in the remaining columns are in the form of
the Modified Julian Date (MJD = JD - 2, 400, 000. 5), as in previous catalogs. Note
that the cutoff date for this catalog is MJD 40600 (January 14, 1970). Densities for
1958 Alpha were continued slightly beyond this date in order to complete the lifetime
of that satellite, which ended on MJD 40676. The descent dates for 1964 76A and
1964 4A were MJD 40147 and 40379, respectively, and the densities from these
satellites, therefore, terminate just before those dates.
This work was supported in part by grant NGR 09-015-002 from the National
Aeronautics and Space Administration.
The combined coverage of the catalogs can be seen somewhat more graphically
in Figure 1. Here we have plotted the heights of the various satellites as a function
of time over the intervals for which density data are given. The height plotted is the
smoothed effective height. We define effective height as the average of the actual
height around the satellite's orbit weighted by the local atmospheric density as specified
by an appropriate atmospheric model. Heights in the plot are not intended to be taken
too literally, however. The effective height has all the relatively short-term variations
that occur in the perigee height plus fairly large" and rapid variations due to variations
in the scale height of the atmosphere. A considerable amount of smoothing was,
therefore, applied in drawing the figure, and these heights can be regarded only as
approximate.
Some basic data on the nine satellites are given in Table 2. For each satellite
listed in the first column, the second column gives the standard height we have
adopted. The density tables (Table 4) include densities at the perigee height and, to
facilitate analysis of the densities, at the constant "standard" height given in Table 2.
In the earlier catalogs, standard heights were chosen to be near the average perigee
heights, while for this one, they were chosen to be near the average effective height
for the satellite. We made this decision because the effect of possible scale-height
errors in the density model, which must be assumed in order to derive a density
from the observed drag, is minimized if the density is computed for the effective
height. The models we have used have always given reasonably accurate scale heights
in the low-to-moderate height range, and therefore, no serious error was made in
computing densities for the perigee height. However, at the heights reached by Echo 2
and some of the Explorer satellites, helium and hydrogen become important constituents
and the models are far less certain. It was deemed prudent, therefore, to make the
change beginning with this catalog.
Reduction to a standard height is, of course, meaningful only as long as the actual
effective height does not deviate too much from the adopted standard height. For many
satellites, it is entirely reasonable to use a single standard height over a period of
many years, or even over most of the satellite's lifetime. However, for those
satellites that are strongly affected by solar-radiation pressure, variations in the
actual height are quite large and it is necessary to change the standard height at
fairly frequent intervals. Thus, for three of the satellites in Table 2, it is not
possible to have a single standard height throughout. For these satellites only, the
range of the standard height is given in Table 2, and a detailed tabulation of the
standard heights is given separately in Table 3.
The area-to-mass ratio assumed for each satellite is given in the third column
of Table 2. The remaining columns should require no further explanation.
As was the case with the earlier catalogs, the densities given here were determined
mainly from field-reduced Baker-Nunn observations, which have a topocentric accuracy
of a few minutes of arc. For dates after MJD 40400 (MJD 40300 in the case of
1963 53A), however, the Baker-Nunn observations were supplemented by radar
observations made by the U S. Air Force. This was done mainly to compensate for
a decrease in the level of Baker-Nunn operation imposed by reductions in financial
support. It has worked out quite well, and we have been able to continue most of our
work in drag analysis at this level of resolution without impairment. (There has been
considerable impairment, however, in the high-resolution work, which is based entirely
on accurately reduced Baker-Nunn photographs; such data are not covered in this
catalog.) The direction components of the radar observations are, for the most part,
inferior to the Baker-Nunn observations. On the other hand, the range components
from a number of the radar stations are accurate to a few tenths of a kilometer. This
makes them somewhat better, generally, than the field-reduced Baker-Nunn observa-
tions. They are also better in that they are not restricted to twilight visibility and
clear weather, so they tend to be much better distributed around the satellite's orbit
and provide essentially continuous coverage, free of extended periods with only a few
observations or no observations at all.
2. METHOD OF COMPUTATION
The method by which we determine atmospheric densities from satellite observa-
tions was described in some detail in one of the earlier catalogs (Jacchia and Slowey,
1962) and need not be repeated here. As before, the contribution of solar-radiation
pressure to the observed acceleration was computed by use of Kozai's (1961) formula-
tion. Specular reflection from a spherical surface and a value of the solar constant of
-2 -12.00 cal cm min were assumed. Densities were computed from the corrected
accelerations by evaluating Sterne's (1958, 1959) integral in the form that includes
atmospheric rotation. In all cases, the atmosphere was assumed to be corotating
with the earth.
For the earlier catalogs, densities were computed assuming a constant drag
coefficient of 2. 2. At low heights, such an assumption is probably valid. At heights
much above 400 km during low solar activity or 600 km during high solar activity,
however, the drag coefficient is expected to increase with height owing to the decrease
in the mean molecular weight of the atmosphere. This variation in the drag coefficient
is quite significant for some of the satellites included here. We have, therefore,
adopted a variable model for the drag coefficient, based on the work of Cook (1965, 1966).
This was incorporated in the evaluation of Sterne's integral rather than just being
evaluated at a particular height, so that the effect of the variation around the satellite's
orbit has been included. In order that the model give a drag coefficient of 2.2 at low





We did this on the assumption that the molecular weight of the surface could be taken
as 16. 0 in computing (j, the ratio of the mean molecular weight of the atmosphere to
that of the satellite surface.
The most recently published atmospheric model by Jacchia (1971, generally
referred to as J71) has been used to represent the variations in density around the
satellite's orbit and to make the reduction to a standard height.
3. EXPLANATION OF THE TABLES
The numerical results from each of the nine satellites are given in Table 4,
which is nearly identical in form to those of the earlier catalogs. The Modified
Julian Date is listed in the first column. The observed rate of change of the
anomalistic period, or "acceleration, " is given in the second. The contribution to
the acceleration ascribed to solar-radiation pressure is in the third column, and the
difference — i.e., the portion of the acceleration due to atmospheric drag — is in the
fourth. Column 3 is blank in those cases where the effect of radiation pressure
compared to that of atmospheric drag is negligible. The common logarithms of the
density, in grams per cubic centimeter, at the height of perigee and at the standard
height appear in columns five and six, respectively. The local exospheric temperature
in the J71 model that corresponds to the computed densities is given in column seven.
The next three columns contain, in order, the perigee height, the difference in right
ascension between perigee and the sun, and the difference in declination between
perigee and the sun. The global minimum expospheric temperature, computed by
using a model of the diurnal variation and given in the last column in earlier catalogs,
has been eliminated from this table.
4. PLOTS OF DENSITIES
The logarithms of the density at standard height are plotted for each of the nine
satellites in Figures 2 through 10. The densities from the three satellites for which
a variable standard height was used in the density tables have, in this case, been
reduced to single standard heights. It should be emphasized, however, that this was'
done only to provide visual representations of the data and that densities taken from
the plots should not be applied to more serious purposes. Each figure also includes
plots of the diurnal variation for the satellite's perigee and the semiannual variation
(according to the models of these variations associated with the J71 model) as well as
plots of the 10. 7-cm solar flux and the daily geomagnetic index A . The diurnal
and semiannual variations are shown normalized relative to the maximum possible
range taken as unity.
It will be noticed that, at times, the densities from 1963 53A and 1966 70A are
aligned in groups of nearly constant density, changing only in well-defined "quantum"
steps from one such group to another. This is due to the fact that the accelerations
at these times were deemed to be accurate to only one figure and were so rounded
before the densities were computed. It occurs when we have sought to maintain high
resolution when the drag was relatively small. The effect could have been eliminated
by taking a longer time step (1.0 day instead of 0. 5 day, in most cases), but this
would have sacrificed some of the information contained in the data. A better solution,
perhaps, would have been to allow an extra figure and let the scatte'r in the resulting
densities speak for itself.
5. ACKNOWLEDGMENTS
The authors are indebted to Mrs. Margaret Anderson, Mrs. Helene Cornelius,
and Mrs. Mary Thorndike for their assistance in all phases of the work that went into
this report and to Mr. I. G. Campbell for his expert help in all matters of computer
programing. We would also like to express our appreciation to the 14th Aerospace
Force, U.S. Air Force, for providing us with radar observations of the satellites we





1965. Satellite drag coefficients. Planet. Space Sci., vol. 13, pp. 929-946.
1966. Drag coefficients of spherical satellites. Ann. Geophys., vol. 22,
pp. 53-64.
JACCHIA, L. G.
1971. Revised static models of the thermosphere and exosphere with empirical
temperature profiles. Smithsonian Astrophys. Obs. Spec. Rep. No. 332,
113 pp.
JACCHIA, L. G., and SLOWEY, J. W.
1962. Accurate drag determinations for eight artificial satellites; atmospheric
densities and temperatures. Smithsonian Astrophys. Obs. Spec. Rep.
No. 100, 99 pp.; also Smithsonian Contr. Astrophys., vol. 8, no. 1,
pp. 1-99, 1963.
1965. Densities and temperatures from the atmospheric drag on six artificial
satellites. Smithsonian Astrophys. Obs. Spec. Rep. No. 171, lllpp.
1970. A catalog of atmospheric densities from the drag on five satellites.
Smithsonian Astrophys. Obs. Spec. Rep. No. 326, 118 pp.
KOZAI, Y.
1961. Effects of solar radiation pressure on the motion of an artificial satellite.
Smithsonian Astrophys. Obs. Spec. Rep. No. 59, pp. 25-33.
STERNE, T. E.
1958. An atmospheric model, and some remarks on the inference of density
from the orbit of a close earth satellite. Astron. Journ., vol. 63,
pp. 81-87.
1959. Effect of the rotation of a planetary atmosphere upon the orbit of a close




































































































<T> IT) O if)
10
 10 <»• <fr
.„•_.:..•?<•_.





























39600 M J D 800

















j_; :• 10 7-cm SOLAR FLUX













'*•> •' . :
. • -v A:
: LOG
*
:• * :* >
. -•: 'f\ '••














*. . . *O*.
• •'£ ' \< ' • . r-
>.' r
••A: ' • -
V














I960 £l (EXPLORER 8)





1 ^—- ^ -I —^ - -I—-^~

















'.- I07-cm SOLAR FLUX
' • ; *
r\
100 GEOMAGNETIC INDEX
" . . - • ' -
^ . * • :• t
I967 I968 I969















































































39600 M J D 800
•160
1963 53A (EXPLORER 19)








M OF DENSITY 1
>. '»
'%?VU :J












~ . "i "~ ~~
^ •
• ' • ' • * ' ^






* X . •*'/ '*•
'•;" : * \.
.-'i •-.-• • v
I . ?*•..•/ «.;













':• 107-cm SOLAR FLUX
100
GEOMAGNETIC INDEX
fr • • ,...: ,,.,,.;. •* • * •
• • * • «
.'* t
1967 1968 1969
































































t • '•:"•'.< •
en -i;,"








h- . «»^L .




































































LOGARITHM OF DENSITY REDUCED
TO Z= 1130 km















^ \J V *
"
s>? •









* ,VA • ' <. i v< VV; :•' ?




1966 1967 1968 1969













































































































































. I A ,
V- '/• -x




], -1 j. : J "' VV
: \ ; i ^S ' • •



















* . •'. '»
•'
 :
 »*\ .' »V'V^. V >' :<






«^»^^A^^^^V -^V^SiWtJ^V \^*'Csj'jXr , "•"" ^r
Figure 9. Density results from 1966 70A (OV3-3).
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Table 3. Standard heights for those satellites where
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Table 4. Acceleration, drag, atmospheric densities, atmospheric
temperatures, and geometric parameters.
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LUIGI G. JACCHIA received Ms doctorate in physics from the University of
Bologna in 1932. He continued working with the University as an astronomer at its
observatory.
Dr. Jacchia's affiliation with Harvard College Observatory began with his appoint-
ment as research associate in 1939. At that time he was studying variable stars.
Since he joined SAO as a physicist in 1956, most of Dr. Jacchia's work has been on
meteors and upper atmospheric research.
JACK W. SLOWEY received his B. S. in 1955 and his M. S. in 1956 from the
University of Wisconsin.
Mr. Slowey came to SAO as a physicist in 1956 and was concurrently a lecturer
in General Education at Harvard College until 1960. Since 1959 he has been an
astronomer for SAO and, since 1961, a scientific consultant for IBM Corporation.
His fields of concentration include orbits of artificial satellites and the earth's upper
atmosphere.
NOTICE
This series of Special Reports was instituted under the supervision
of Dr. F. L. Whipple, Director of the Astrophysical Observatory of the
Smithsonian Institution, shortly after the launching of the first artificial
earth satellite on October 4, 1957. Contributions come from the Staff
of the Observatory.
First issued to ensure the immediate dissemination of data for satel-
lite tracking, the reports have continued to provide a rapid distribution
of catalogs of satellite observations, orbital information, and prelimi-
nary results of data analyses prior to formal publication in the appro-
priate journals. The Reports are also used extensively for the rapid
publication of preliminary or special results in other fields of astro-
physics.
The Reports are regularly distributed to all institutions partici-
pating in the U. S. space research program and to individual scientists
who request them from the Publications Division, Distribution Section,
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts
02138.
